Wood as the most important natural and renewable building material plays an important role in the construction sector. Nevertheless, its hygroscopic character basically affects all related mechanical properties leading to degradation of material stiffness and strength over the service life. Accordingly, to attain reliable design of the timber structures, the influence of moisture evolution and the role of timeand moisture-dependent behaviors have to be taken into account. For this purpose, in the current study a 3D orthotropic elasto-plastic, visco-elastic, mechano-sorptive constitutive model for wood, with all material constants being defined as a function of moisture content, is presented. The corresponding numerical integration approach, with additive decomposition of the total strain is developed and implemented within the framework of the finite element method (FEM). Moreover to preserve a quadratic rate of asymptotic convergence the consistent tangent operator for the whole model is derived.
Introduction
Wood application, in particular in form of engineered or composite wood elements, has significantly increased as structural building material. Only recently, structural wooden components such as glulam or laminated veneer lumber (LVL) entirely or partially (hybrid) out of hardwood aim for or obtained general technical approvals. The advantages of hardwood such as beech, oak, or ash are obvious: high strength and stiffness allow for smaller cross-section or span width compared to softwood, resulting in increased dimensional stability, load-carrying capacity and finally more freedom for design. In spite of the aforementioned advantages, unfortunately the strong hygric dependence of basically all mechanical properties render many innovative ideas futile. In addition, time-dependent phenomena like long-term visco-elastic creep [20, 26] and mechano-sorption under changing environmental conditions [1, 14, 21] can accelerate degradation of stiffness and strength over the life-time of a structural wood component and result in the loss of capacity and consequently structural integrity even after being in use for decades. Realistic long-term predictions of the mechanical performance of hardwood or hybrid elements under external mechanical and climatic loading should be a central concern for assuring bothserviceability and safety of timber structures. It is a common practice today to disregard moisture, creep, plasticity, and mechano-sorption for technical approvals, not because they are insignificant, but because of difficulties in their experimental assessment, that is challenging due to a high degree of coupling, time consuming due to low diffusivity, and in some cases simply impossible. For these reasons and in order to attain effective design criteria for new products, the development and characterization of an authentic moisture-dependent constitutive material model for different wood species and the robust implementation of its corresponding rheological model in broadly used non-linear finite element (FE) environments is of great importance.
Non-linear numerical models for wood, in particular with long-term character are very rare due to the need of species and moisture-dependent mechanical parameters. Several experimental and theoretical constitutive wood material models with different ambient relative humidity (RH) and mechanical loading were proposed. A review on the general use of FE in wood analysis was published by Meckerle [31] , while other authors focus on reviewing proposed rheological models [13, 48] . In principle the sources for non-linearity like plasticity, creep, or mechano-sorption are covered to quite different extent. Creep and mechano-sorption were addressed in [2, 3, 7, 12, 28, 35, 40] , while others focus on elastoplastic behavior, disregarding time dependency [11, 30, 36] . A comprehensive constitutive model comprising all potentially activated mechanical responses as a function of moisture content for different species is still missing. However it is the basis for numerical simulations that grant insight into the long-term behavior of structural elements of hardwoods, softwoods and hybrid ones.
Here a 3D orthotropic material model with moisture content is presented, where all instantaneous and time-dependent deformation mechanisms are considered. The corresponding numerical implementation of the material model is written as a material (UMAT) subroutine for the use within a finite element environment. The material model can be utilized as the basis of any moisture-stress analysis, for non-linear fracture mechanical problems established on the cohesive zone model and applications of interface elements, or de-bonding simulations under different combinations of service loadings and changing environmental conditions. The manuscript is organized as follows: First all partial deformations as components of the total strain together with their corresponding rheological formulations are described from a thermodynamical point of view. Then the description of moisture transfer inside wood elements and the principles of moisture-stress analysis are summarized. Section 3 focuses on the iterative time integration approach and presents all theoretical formulations needed for the numerical implementation of the material model in the context of a finite element environment. The verification of the functionality and applicability as well as the experimental validation of the material model are shown in Section 4 by means of examples. Finally the generality and flexibility of the proposed constitutive model are demonstrated by a hygro-mechanical simulation for a typical hybrid glulam beam made of European beech and Norway spruce in Section 5.
Description of the hygro-mechanical constitutive model
Due to the cellular nature of wood and its growth, wood is in general anisotropic. However for cut sections distant from the center of the stem, it is usually considered as an orthotropic material with three major axes, namely longitudinal along fiber direction, radial and tangential in the plane perpendicular to grain (see Fig. 1 ). The curvature of the growth rings can be considered by defining the orthotropic material in a cylindrical coordinate system. To capture the consequences of the hygric behavior, all mechanical properties along the anatomical directions have to be consequently expressed as a function of moisture content. All potentially participating deformation mechanisms have to be considered when moisture content changes during the use of wood structures. To predict the true deformation field and for the subsequent stress analysis, the respective material model consists of deformation modes originating from
• elastic deformation ε el (Section 2.1.1),
• irrecoverable plastic deformation ε pl (Section 2.1.2),
• swelling/shrinkage called hygro-expansion in this context ε ω (Section 2.1.3),
• visco-elastic creep ε ve i (Kelvin-Voigt element-wise visco-elastic strain tensor) (Section 2.1.4),
• mechano-sorption ε ms j (Kelvin-Voigt element-wise mechano-sorptive strain tensor) (Section 2.1.5). In general a total strain tensor ε is defined that accumulates the respective contributions in the way: (see [7, 12, 28] and Fig. 2 )
From a thermodynamical perspective [7, 12, 28] , the free energy function, ψ, is defined as:
Here φ(T, ω) is a general expression for the thermal energy and since in the present study the effect of temperature on the mechanical response of the material is ignored, it is not further considered. ψ el specifies elastic strain energy, ψ ve and ψ ms represent energy accumulated in the visco-elastic and mechano-sorptive elements:
with the elastic stiffness tensor C 0 , and the element-wise visco-elastic and mechanosorptive stiffness tensors C i and C j . Finally, the last term of the right-hand-side of Eq. (2) designates the isotropic hardening energy, which appears during the evolution of irrecoverable plastic deformations. In the following, all partial strains based on an additive decomposition of the total strain in addition to their associated thermodynamic driving stresses are described following [12, 28] . It should be noted the proposed hygro-mechanical constitutive model is formulated and implemented for infinitesimal strains. It means the application of the material model in case of large deformations, non-linear visco-elasticity, or damage phenomenon is not relevant.
Description of mechanical behavior

Elastic deformation
The elastic deformation represents the scleronomous linear and fully recoverable material behavior. After differentiating the free energy function Eq. (2) with respect to the total strain, the corresponding rheological relation is obtained as:
Consequently one can write ε el = C −1 0 : σ, with the orthotropic elastic compliance tensor C −1 0 constituted by 9 independent material engineering constants given as
The non-zero off-diagonal terms of the elastic compliance matrix are mutually equal which is referred to as reciprocal dependencies and can be written by the following relations:
Note that all engineering constants depend on the moisture level. They can be fitted by linear and third degree polynomial functions of moisture content ω for the properties P b and P s associated with the species European beech and Norway spruce, respectively via parameters b x , s y (x = 0,1 and y = 0,...,3):
3 valid from oven-dry condition to the fiber saturated state. The relevant coefficients for describing material constants utilized in the definition of the compliance tensors are summarized in the B in Table B .
Plastic deformation
Wood is a hygroscopic material with strong dependence of stiffness and strength on the moisture content. It is therefore prone to accumulate irrecoverable deformations even under combinations of moderate load with simultaneous moisture increase. The tendency of important hardwood species, such as European beech for high moisture sorption amplifies the drop of mechanical properties -strength in particular -what can result in excessive plastic deformations. Hence for reliable and meaningful predictions of the behavior of wood in constructions, it is advisable to consider irrecoverable constituents of the total strain.
In the last decade, significant efforts were made for describing the elasto-plastic mechanical behavior of wood based on the progress in metal plasticity. Experiments were conducted for uni-and bi-axial loading under tension and compression [4] [5] [6] 29] for different species and moisture content that lead to the following striking observations: (a) Failure of wood under tensile or shear loading exhibits localized brittle fracture, however under compression, pronounced inelastic behavior is witnessed.
(b) Under compression, two consecutive regimes are observed [27, 41] , namely cellular collapse, and for larger inelastic strains densification or compaction of the collapsed cells [5, 6] .
(c) Plastic hardening in different anatomical directions is only weakly coupled, since different orientation dependent micro-mechanical mechanisms act on the cellular scale.
These experimental observations have consequences for elasto-plastic models, the shape and type of yield surfaces and their evolution. Simple models use a single deformable 3D ellipsoidal yield surface [28, 30] , however despite of the advantage of having a closed surface with C2-consistency, observations (a,c) point at the limited validity of such an approach. The other extreme is given by a multi-surface approach, where seven distinct failure mechanisms and subsequently seven yield flow criteria comprising three tensile and three compressive failures along orthotropy directions together with one shear failure are considered [41] . The constructed surface is only C0-consistent, requiring procedures for stress states that lie on intersections, since the evolution of the individual surfaces is not coupled, leading to 7 internal state variables. The model is basically a generalization of the presented plane stress model [27] to 3D. In principle the brittle tensile response can be treated in the framework of plasticity as a smeared crack, however other approaches e.g., using cohesive elements are more stable [38, 42] . In later versions, therefore only the 3 compressive surfaces were used by the authors [42] . A further reduction was proposed by [19, 38, 39] with smooth corners (C1-continuity) and a combined evolution of all surfaces being described by a single strain-type internal state variable. This study uses a yield surface similar to Ref. [42] , namely a three-dimensional orthotropic non-smooth multi-surface plasticity model (C0-continuity) consisting of three independent failure mechanisms along anatomical directions for compressive loading. To include the role of changing moisture content on the development of plasticity, all relevant strength values and respective hardening parameters are defined to be moisture dependent. The transition between elastic and inelastic domains in the stress space is characterized by three yield functions in the same form as the second-order polynomial failure criterion proposed by Ref. [47] as follows:
α l denotes the strain-type internal state variable related to every anatomical direction, a l and b l resemble the strength tensors to be defined in the following, and eventually q l is a scalar value for plastic hardening. Quantitative experimental data for the moisture dependence of the plastic hardening behavior is rather sparse. To characterize the hardening behavior we therefore adopt a mathematical approach proposed by Ref. [19] with a modified form of Ramberg-Osgood equations [43] that was successfully applied to the compressive behavior of European beech at various moisture contents. Unidirectional moisture-dependent isotropic hardening laws are applied that describe measured constitutive behavior under uni-axial compression along three anatomical orientations. The term "unidirectional " emphasizes the independence of the hardening phenomenon of different failure mechanisms from each other, described above. The moisture-dependent hardening responses derived from the modified Ramberg-Osgood curves (see Ref. [19] ) are approximated by exponential functions as follows:
in accordance with the available experimental results. Here l denotes the orientation R, T, L, β 0l , β 1l , and β 2l are material constants, and f c,l (ω) is the compressive strength of the material at the current level of moisture content. Since the last term of the righthand-side of Eq. (7) is equal to one, the current value of the hardening, i.e., q l (α l , ω) must be normalized by the compressive strengths to make it consistent with the dimension of the yield criterion expression. All parameters needed for the calculation of hardening functions for spruce and beech are summarized in the B in Table B . Note that in this work contrary to Refs. [27, 41] the densification regime is omitted (observation(b)). Strength values are described by a linear dependence on the moisture content ω. Analogous to Table B , all corresponding properties for beech and spruce are calculated as P b = (z b0 ω +z b1 ) and P s = (z s0 ω +z s1 ), respectively where z b0 , z b1 , z s0 , and z s1 are given in Table B in the B. The first index in the symbolic presentations of the strength values (c, t, s) implies compressive, tensile, and shear, while the second one indicates either one of the anatomical directions or the corresponding plane. In the following, all strength tensors, i.e., a l and b l required for the formulation of the yield criterion belonging to each failure mechanism based on the approach introduced in Ref. [41] and in accordance with the RTL alignment of the orthotropic material coordinate system are given. b l are diagonal matrices with entries outside the main diagonal being zero. Note that all compressive yield stresses in the definition of the strength tensors are accompanied by a minus sign.
Compression in radial direction
for European beech and Norway spruce,
The scalar coefficients in the numerator of the diagonal components of the strength matrices b l are weighting factors which following Ref. [41] can be adjusted to the respective species. To make an adaptation from spruce (s) to beech (b), we replace the respective strength value of the denominator by
what corresponds to a scaling of the scalar values with strength value ratios at ω = 12%. Until today, bi-axial tests for beech have not been published in literature, hence a final justification for this adaptation assumption is not possible. In Fig. 3 the boundary between the linear elastic domain and the non-linear behavior of the material, based on strength tensors a l and b l at ω = 12%, and for (q l = 0) is shown. Because of the three-dimensional representation of the stress tensor, the demonstration of all yield surfaces for any arbitrary stress state through one individual image is not feasible. Accordingly, in Fig. 3 (left) a two-dimensional illustration of the yield conditions under planar state of stress in the R-L plane, i.e., (σ T = σ RT = σ T L = 0) and for principal normal stresses (σ RL = 0) is depicted. Fig. 3 (right) shows a three-dimensional visualization of the failure surfaces for the situation in which principal directions of stress and axes of the local material coordinate system are coincident (σ RT = σ RL = σ T L = 0). By now, all moisture-dependent parameters needed for the description of the rateindependent multi-surface plasticity material model are introduced. The general algorithm for the numerical implementation of the above-mentioned model is explained in detail in Refs. [22, 43] . Now we focus on a concise description of the principles of the evolution equations for irrecoverable deformations in the context of non-smooth multi-surface plasticity. The constitutive relation of the plastic deformation under the assumption of a standard associative plasticity is described by the following formula known as flow rule, usually referred to as Koiter's rule [24] :
Here r denotes the number of active yield mechanisms. Similarly with associative hardening, the evolution equation corresponding to the hardening law takes the forṁ
In Eqs. (12) and (13),γ l are plastic consistency parameters, which fulfill the following Kuhn-Tucker complementary requirements:
together with the consistency condition:
For an assumed number of active yield constraints r adm and a given state of stress and internal hardening variable(s)
the Kuhn-Tucker complementary conditions also known as loading/unloading requirements can be restated for multi-surface plasticity as the following [43] :
, which define the case of elastic loading or unloading, where plastic strains along with hardening variable(s) do not change.
l ≥ 0, which specifies the plastic loading and subsequently the evolution of plastic deformation and respective internal variable(s).
Accordingly, based on Eq. (16) and an expanded form of the loading/unloading conditions, 1 ≤ r ≤ r adm representing the number of active yield conditions reads as:
To summarize, flow role Eq. (12) and hardening law Eq. (13) in combination with Kuhn-Tucker complementary requirements form a set of non-linear equations withγ l as unknown variables. The corresponding solution can be realized through an iterative numerical procedure like a Newton-Raphson scheme [12, 28, 43] .
Hygro-expansion
Hygro-expansion describes swelling or shrinkage of the material under varying moisture content. Analogous to thermal expansion with respect to temperature gradients, it is assumed to be proportional to increments of moisture content with
with the current moisture content ω and the fiber saturation moisture level ω F S above which no hygro-expansion occurs. ω 0 signifies the initial reference moisture content. The vector α ω contains hygro-expansion coefficients along orthotropy directions in an RTL material coordinate system defined by
We assume that hygro-expansion coefficients are constant and independent from moisture variations. Corresponding values for European beech [16] and spruce [10, 33] are given in the B in Table B .
Visco-elastic creep
Wood with constant moisture content and under sustained loading exhibits time-dependent deformation generally termed visco-elastic creep [7, 12, 28] . We describe visco-elastic behavior based on a fully recoverable approach by serial association of Kelvin-Voigt elements. It's noteworthy to mention that the following formulations are given within the framework of linear visco-elasticity and are valid for the first stage of the feature known as primary step.
By taking the derivative of the free energy function Eq. (2) with respect to the elementwise visco-elastic strain, the driving stress for the i th visco-elastic Kelvin-Voigt element is obtained as
In this relation C i stands for the visco-elastic stiffness matrix. The visco-elastic strain rateε ve i is considered to be a linear function of visco-elastic driving stress and reads:
Subsequently, the governing rate equation for an individual visco-elastic Kelvin-Voigt element isε
where C −1 i and τ i denote the visco-elastic compliance tensor and the characteristic retardation time relevant to the i th Kelvin-Voigt element, respectively. Following Refs. [7, 12, 28] , the visco-elastic compliance tensor is assumed to be proportional to the elastic compliance matrix with a unitless scalar γ ve i , namely
For spruce, the dimensionless fractions Eq. (22) are taken from Ref. [7] , while for beech they are calculated based on creep measurements of component of the visco-elastic compliance tensor at different moisture levels in grain J ve L [18] with linear moisture dependence.
For a serial combination of four Kelvin-Voigt elements, Table B in the B provides the parameters that describe the moisture dependent longitudinal component of the creep compliance tensor for the i th Kelvin-Voigt element:
The ratio of the longitudinal component of the elastic compliance tensor
with this value gives the fraction γ ve i relevant to each Kelvin-Voigt element. Note that due to sparse experimental data, it is a common practice to apply the fraction γ ve i measured in the grain also to the cross-grain directions. Additionally, the same value of the characteristic time (viscosity) along the grain is utilized for other anatomical directions as well. Hence retardation times are defined isotropically.
Following Refs. [7, 12, 28] by integrating Eq. (21), the element-wise visco-elastic strain response of the i th Kelvin-Voigt element reads
for a stress driven problem, with the time step ∆t = t n+1 − t n and the visco-elastic strain tensors ε ve i,n+1 , ε ve i,n at time t n+1 and t n , respectively.
Mechano-sorptive creep
The effect that the observed deformation of a loaded specimen under changing moisture content is remarkably higher than the deformation of a loaded specimen under constant climatic conditions superimposed by the deformation of an unloaded specimen under varying moisture level is known as mechano-sorptive creep (see Fig. 4 ). Experimental studies for spruce can be found in Refs. [15, 32, 37] , while for beech such studies are still missing.
For the numerical description of mechano-sorption in principle Kelvin-Voigt type elements are used [7, 12, 28] . In Refs. [12, 28] plasticity is part of mechano-sorption, while in the formulation by Ref. [7] that we follow, it is an independent strain contribution. After differentiating the free energy function Eq. (2) with respect to the element-wise mechano-sorptive creep strain, the corresponding driving stress becomes
where C j stands for the mechano-sorptive stiffness tensor. For characterizing mechanosorption, a rate equation quite similar to the one of the visco-elastic creep Eq. (20) is applied:ε
Here µ j is called characteristic moisture analogous to the characteristic retardation time in visco-elasticity and C −1 j designates the tensor of mechano-sorptive compliance respective to the j th Kelvin-Voigt element. By inserting Eq. (25) in Eq. (26) and rearranging, the constitutive relation for a single mechano-sorptive Kelvin-Voigt type element can be written asε Note that the solution of Eq. (27) is identical to visco-elasticity Eq. (21), but instead of a time increment the value of the absolute moisture content change is taken. Consequently, like in Eq. (24), the mechano-sorptive strain is
Here |∆ω| = |ω n+1 − ω n | is the absolute value of moisture increment, ε ms j,n+1 and ε ms j,n denote the mechano-sorptive strains evaluated at the times t n+1 and t n , respectively. In order to calculate the element-wise mechano-sorptive compliance, a similar approach as for the visco-elastic counterpart is utilized. The corresponding scalar fractions, i.e., γ ms j are obtained based on the tangential and longitudinal components of the mechano-sorptive compliance tensor presented in Ref. [7] for spruce defined as
Following the work of [7] , who calibrated the values for three serial Kelvin-Voigt elements on experimental data from Refs. [45, 46] , the element-wise mechano-sorptive compliance tensor takes the following form:
The values corresponding to J ms jT 0 and J ms jL together with the characteristic moistures µ j are summarized in the B in Table B. 6. Due to lack of data on the mechano-sorptive behavior of beech, the corresponding values of the mechano-sorptive compliance tensor are calculated by scaling the spruce values by the ratio of densities of the two species (470/720) [34] .
Moisture-stress analysis
Due to the importance of moisture fields and gradients for the behavior of wood, moisture transport is essential for simulations. In this work mechanical and thermal fields do not influence moisture transport, so the problem is only partially coupled. Furthermore we assume moisture transport inside the porous material wood to be dominated by diffusive transport [10] . Experimental observations of moisture transport below fiber saturation show more correspondence with non-Fickian behavior [25, 50] , or multi-Fickian diffusion [8] . In the present work for the sake of simplicity and also because of insufficient details regarding either non-Fickian or multi-Fickian formulations, Fick 's law for moisture transfer is employed.
In accordance with the Fick 's first law the body moisture flux is given by
where J ω is body moisture flux vector, D denotes the matrix of diffusion coefficients, c = ρ 0 ω is the water concentration, ρ 0 the oven-dry wood density, and ω is again the moisture content in [%]. Fick 's second law expresses the change of the concentration with respect to the time. In a general form and for changing diffusion coefficients, the time variation of concentration is written as:
For constant density Eq. (32) simplifies to
In general, mathematical formulations of moisture diffusion and heat transfer are similar. The Fourier equations of heat transfer are
with the heat flux J T , density ρ, specific heat c T and temperature T , as well as the matrix of thermal conductivity coefficients K. The analogy between Eqs. (33) and (34) is preserved when (ρc T ) = 1, rendering thermal analysis capabilities of FE packages valid for moisture transport simulations. In this work, the diffusion process is assumed to be uncoupled among anatomical directions and subsequently, the matrix of orthotropic diffusion coefficients is defined as:
The diffusion coefficients are considered to be moisture-dependent and can be described by exponential laws as a function of moisture, namely
where l=R, T, and L. All parameters required to calculate moisture-dependent diffusion coefficients for spruce and beech [16, 39] are summarized in the B in Table B .7.
Numerical implementation of the moisture-dependent rheological model
To implement the material model with the presented rheological behavior in the framework of a FE simulation, an incremental, iterative numerical approach is needed [7, 12, 28] with time increments (∆t = t n+1 − t n ). In the following, subscripts (•) n indicate a state at the beginning of a time step, whereas the subscript (•) n+1 refers to the end of the time increment. The stress update algorithm is based on the assumption that at time t = t n , the state of the material is available to be able to calculate the corresponding solution at time t = t n+1 by means of an incremental update procedure. In detail the state variables are the moisture distribution, the total strain including all five corresponding partial constituents, internal plastic hardening variables and the total stress tensor. The individual algorithmic tangent operators associated with each deformation mode are computed separately and then, by incorporating all single Jacobians, the tangent operator for the entire model is obtained following Refs. [7, 12, 28] . Additionally, the total strain increment and the amount of moisture content change are needed for the iteration. The hygroexpansion strain tensor ε ω n+1 and the total strain tensor (ε n+1 ) at the end of the time increment are estimated and needed for the incrementation as well, using the old tangent operators. At each integration point the total stress tensor and total Jacobian matrix, meaning the algorithmic tangent operator for the whole constitutive model, are updated at the end of the time increment. In addition, the values of state variables in terms of elastic strain (ε el ), irrecoverable plastic deformation (ε pl ) along with related strain-type hardening variable(s) (α l ), viscoelastic strain tensor respective to every Kelvin-Voigt element (ε ve i ), and all element-wise mechano-sorptive strain tensors (ε ms j ) have to be updated for the next increment. A brief overview of the iterative algorithm utilized for the decomposition of the total strain (ε) and the incremental procedure for the update of total stress and all state variables can be summarized as below:
1. Stage 1: Data initialization Based on the iterative algorithm for the stress update, all state variables are set to their corresponding values from the last converged iteration of the previous increment as:
The superscript k refers to the (k) th iteration of the considered increment. The first one (k = 0) therefore is identical to the converged solution of the former increment.
Stage 2: Plastic deformation
In the next step, the possible development of irrecoverable deformation by plastic strain is examined. For this purpose a two-step return-mapping algorithm known as elastic predictor/plastic corrector based on the general multi-surface closest point projection approach is used [22, 43] . According to the trial state of elastic strain at the end of the time increment ε el(T rial) n+1 the position of the stress state with respect to the evolved yield surfaces is checked. If plastic loading is the case, the trial state of stress calculated from the trial elastic strain is projected onto the current yield surface (see Fig. 5 ).
The plastic strain and respective internal variable(s) also need to be initialized as follows: ε From a theoretical point of view, the trial state of elastic strain is achieved by suppressing the evolution of plastic flow within the time increment. As a consequence, ε
el(T rial) n+1
and all corresponding state variables in the trial state read as [43] :
subsequently, based on the last expression for the yield functions if all f (T rial) l,n+1 ≤ 0 the deformation is purely elastic and consistency parameters of all yield mechanisms do not change (∆γ l = 0 for l = R, T, L), but if at least for one of them f (T rial) l,n+1 > 0, the time step is plastic and the plastic strain increment along with changes of the strain hardening variable(s) and changes in the consistency parameters have to be evaluated. Therefore, by defining
and by means of an iterative return-mapping algorithm (i.e., plastic corrector) incremental plastic deformations, hardening variable(s), and consistency parameter(s) associated with the active yield surface(s) are obtained. Note that superscripts p in Eq. (43) refer to the p th iteration of the return mapping algorithm. Consequently, iterative formulations concerning update of the state variables and consistency parameters are
∆γ l n+1 denotes the non-rate form of the consistency parameter, whereas δ∆γ l n+1
signifies the corresponding increment. At the end of the return mapping iteration, (p + 1) is set to (p) and the convergence of the iteration is checked. A plastic residuum vector, consisting of components related to the iterative evolution of the plastic strain tensor and of hardening variable(s):
is computed for the convergence check. Now the values of all active yield functions are recalculated using the updated stress tensor and hardening variable(s) via Eq. (7). If
is not fully fulfilled, the procedure loops to the next iteration. Otherwise, the current iteration has converged and consequently, the definite increments of the plastic strain tensor, as well as the hardening variable(s) are obtained. Now all state variables relevant to the plastic part of the total strain are updated to the new values at the end of the time step, namely
3. Stage 3: Stress calculation Now the driving stress in the current iteration of the general additive decomposition scheme can be calculated. Taking the strain components and the total strain tensor at the end of the increment, the elastic contribution is
With the calculated elastic strain, the stress tensor at the (k) th iteration of the stress update increment is σ
In a next step, the tangent operator for the whole serial model has to be given. For this reason, all individual Jacobians from the 3-4 deformation mechanisms are evaluated separately and assembled to a total algorithmic tangent operator [7, 12, 28] . Since this step is crucial for the convergence of the entire implementation, a detailed explanation is given in the A. With the total tangent operator C T n+1 , the iterative change of the total stress is calculated by the expression
The residual vectors belonging to each deformation mechanism are defined as: 
, for i = (1, ..., n) ,
that are derived based on the definition of respective algorithmic operators (see A). Consecutively, all state variables for all element-wise visco-elastic and mechanosorptive creep deformations are updated at the end of the ongoing iteration using the expression
The iterative procedure is completed by comparing a generalized residual vector R 
These updated state values will be considered as initial values for the next time step.
Verification of the material model
A set of three numerical examples is calculated that verifies the capability and efficiency of the proposed 3D constitutive model for the prediction of realistic behavior for short-term and long-term responses under combined moisture and mechanical loading. The examples are selected in such a way that different deformation components act in an isolated and combined way under uni-and multi-axial loading, as well as for restrained swelling. All examples use the material properties given in the B for European beech (Fagus sylvatica L.). Furthermore, this section is complemented with an experimental verification.
Example 1 -Uni-axial loading: In a first simple example, a cubic sample with edge length 40mm is studied. The model uses three confining symmetry planes, reducing the edge length to 20mm (see Fig. 6 (left)). Hence it is allowed to swell or shrink freely during moisture variations and hygro-expansions do not lead to residual stresses. Since the dimensions are quite small compared to the ones of a stem, the curvature of growth rings is ignored by assigning an orthotropic material behavior to the system that is defined in a Cartesian coordinate system with axes aligned along the cube edges. The geometry is discretized by 512 quadratic brick elements (C3D20) and loaded by a uniform compression in radial direction. Simultaneously a homogeneous moisture distribution can be applied (see Fig. 6 (right) ). The pressure and moisture content ω are chosen in a way that all potential components of the total strain are addressed and can be distinguished clearly during the 7 stages:
• Stage 1 0-5h: The sample is at standard climate, i.e., 65% RH resulting in ω 1 =12%. The pressure is ramped up to 10MPa during 5 hours,
• Stage 2 5-55h: for the next 50 hours all conditions are kept constant,
• Stage 3 55-60h: within the next 5 hours, pressure is increased from 10 to 16MPa, while ω 1 = 12% =const.,
• Stage 4 60-135h: at constant load, ω is going through 5 cycles of wetting and drying, each lasting 15 hours. For 2.5h ω 1 = 12%, then ramped up to ω 2 = 18% within 2.5h, held constant for 5 hours, ramped down from ω 2 to ω 1 for 2.5h, held constant for 2.5h, a.s.o..
• Stage 5 135-140h: At ω 1 the load is completely removed during 5h and will remain this way for the rest of the simulation.
• Stage 6 140-200h: For the next 60 hours all conditions are kept constant.
• The resulting strain along the radial direction for the loading in the 7 stages is illustrated in Fig. 7 . In order to observe the development of all partial strains in an easy to interpret way, the hygro-expansion strain is subtracted from the total strain and the remaining value, called swelling/shrinkage-modified strain, is shown in Fig. 7 (left) . For the different stages we observe:
• Stage 1 0-5h: Linear elastic behavior dominates.
• Stage 2 5-55h: Increase in visco-elastic creep is noticed.
• Stage 3 55-60h: Plastic deformation starts as the compressive strength of the material along radial direction (i.e., -13.4MPa) is reached. The radial yield criterion is activated, material starts to flow, and the irrecoverable plastic deformation evolves as the material simultaneously hardens until the yield surface reaches 16MPa.
• Stage 4 60-135h: During the first moisture increase from ω 1 =12(%) to ω 2 =18(%), the material strength values degrade and consequently further plastic deformation, even under fixed external loading, evolves (see Fig. 7 (right) ). The repetition of moistening in the following cycles just leads to a comparably small increase in the irreversible part of the total strain. The increase of strain during the moisture cycles is therefore dominated by mechano-sorptive creep. Note that the general response of the material model representing the simultaneous interaction of fixed level of loading and varying moisture content shows a good agreement with experimental observations of mechano-sorptive creep reported by Refs. [21, 45, 46] . It can be noticed that both moistening and de-moistening leads to the increase of mechano-sorptive deformation and generally, the material behavior demonstrates an ascending trend which implies that mechano-sorptive creep is accumulated over time.
• Stage 5 135-140h: During unloading, the instantaneous elastic response is immediately compensated.
• Stage 6 140-200h: Visco-elastic creep is partly recovered.
• Stage 7 200-290h: Partial recovery of mechano-sorptive creep.
It can be concluded that retrieval of the visco-elastic deformation requires adequate time, while the recovery of the mechano-sorption is achieved by moisture variation. As can be observed in Fig. 7 (left) even though the external pressure is removed, a remarkable amount of strain stays in the material. A part of this remaining deformation consists of time-dependent responses and another part is due to the occurrence of irreversible plastic deformation. In addition, mechanical responses of the wood block along two other directions, i.e., tangential and longitudinal are also given in Fig. 8 . Although no mechanical loading is applied along these two directions, significant lateral strains are generated. Contrary to the radial direction and as a consequence of the implemented multi-surface plasticity, where all failure mechanisms in each anatomic direction are independent, no plastic deformations can occur in T-and L-direction. Therefore all deformations are fully recoverable after time and moisture variations under zero external loading. The offset between the two directions can be explained by the fact that beech is much stiffer parallel than perpendicular to grain. Additionally, since the longitudinal entry of the mechano-sorptive compliance tensor was calculated differently than the other components (see Section 2.1.5), the general mechano-sorptive response of the material model parallel to growth direction differs qualitatively from the corresponding behavior perpendicular to grain. Remarks on convergence The classical Newton-Raphson scheme is employed to solve non-linear problems within the framework of FE environment at which the material model has been implemented. Therefore, regarding the performance and the rate of convergence of the proposed computational algorithm, application of consistent tangent operator is of great significance. Convergence is evaluated in terms of residual control parameter (R α ), which is calculated as the fraction of the largest residual in the equilibrium equation for the field displacement to the mean value of the conjugate force flux. Here, the convergence criterion is assumed as 5×10 −3 which would appear rather stringent for engineering applications, but to achieve precise solutions to non-linear problems such a small tolerance is inevitable. Table B .8 in the B shows the computational effort for some typical increments during moistening phase of the first moisture cycle for t =62.5 to 65h. As it can be observed clearly from the data given in Table B .8, the quadratic convergence rate of the implemented material model is obvious. At most three iterations are sufficient to meet the convergence tolerance in spite of increase in the moisture content resulting in the variation of model operator in every increment and appearance of further non-linear behavior. Although it was supposed that such a strict convergence tolerance imposes a very difficult condition to fulfill, via this numerical example it is illustrated that the convergence is satisfied after few number of iterations. Due to application of consistent Jacobian, the general robustness of the computational model is preserved.
Example 2 -Multi-axial loading: To evaluate the model behavior under arbitrary combinations of load with multiple yield surfaces activated, a tri-axial state of stress is imposed on the same specimen, but now with load in all anatomical directions (see Fig. 9 (left)). Boundary conditions, as well as loading history are identical to the first example (see Fig. 6 ) only that the load in tangential direction is scaled by a factor of 0.4 and the one in longitudinal by a factor of 4. For the second simulation the same interpretations as for the first example apply, concerning the evolution of all instant and time-dependent mechanical behavior. However, in contrast to example 1, all three yield mechanisms will be activated and consequently, irrecoverable plastic deformations evolve along all three anatomic directions simultaneously. The resulting plastic deformations are illustrated in Fig. 9 (right) . As visible, the tangential direction deforms more plastically, since it is the least stiff orientation. Furthermore, it should be noted that due to the application of a consistent tangent operator, the quadratic rate of convergence is preserved, even when multiple failure mechanisms are active.
Example 3 -Restrained swelling: As a last example, we simulate restrained swelling, as this is an experimentally studied loading case of practical relevance. We observe the evolution of the swelling pressure, as the rectangular sample of size 45mm×15mm×15mm (L×R×T) is exposed to a cycling moisture change (see Fig. 10 ). This transient numerical simulation aims to assess the practical behavior of wood components in terms of moisture distribution, all possibly emerging deformation mechanisms, moisture-dependent plastification in particular, and associated stress fields, generated during moistening processes. Hence moisture transport is calculated based on the procedure outlined in Section 2.2. Like in the previous examples, we make use of the symmetric nature of the problem, and additionally to the three symmetry planes, we impose a non-moving boundary in L-direction at the top surface. The moisture content cycles from oven-dry condition (ω 1 = 0.5%) in 62.5h to a state with 95% RH, in ω 2 = 22.5% close to the fiber saturation, only that moisture diffuses into the system from the exposed surfaces. Then, to observe the permanent deformations, the moisture content is again returning back to ω 1 = 0.5% for the next 62.5(h). To identify the long-term effects of history-and moisture-dependent deformation modes on the resulting strain and stress fields, the moistening/de-moistening cycle is repeated ten times. In addition, to provide more time for the recovery of the time-dependent deformation mechanisms, the analysis is run for further 150 hours.
In order to investigate the role of instantaneous and long-term responses on the mechanical behavior of wood specimen, this simulation is carried out for three different cases: (Case 1:) Purely elastic material model with instantaneous responses. (Case 2:) Material behavior with a rheological model consisting of history-dependent modes, i.e., visco-elasticity and mechano-sorption with no plasticity, (Case 3:) Like case 2, but including plasticity. Fig. 10 (right) shows the resulting time evolution of swelling pressures as the mean value of the longitudinal stress in the symmetry plane (see Fig. 10 (left) ). As expected, increasing moisture content and swelling constraints result in compressive stresses. Their maximum is significantly higher for the case 1 than for the other two cases, convincingly demonstrating that a realistic stress analysis for wood should not be of purely elastic nature. On the basis of material models with time-and moisture-dependent behavior as well as plastification, i.e., cases 2,3 and in accordance with (Eqs. (53) and (54)), more terms are subtracted from the total strain value and subsequently, elastic strain and equivalently total stress are lower. In case 3, due to the occurrence of plastic deformation, this reduction in the elastic strain is even more pronounced. Here, even significant tensile stresses can be built up due to demoistening to overcome compressive time-dependent or plastic deformations. For case 3 these are the highest, and it is interesting to observe that due to repetition of moisture cycles, opposite to the fully recoverable time-dependent mechanisms, for the full model, these stresses even increase -a long-term effect that is not considered in any calculation for construction elements. By considering all three numerical examples, it can be observed that the developed material model can be applied to any arbitrary combination of mechanical loading, inhomogeneous moisture distribution and boundary condition. In what follows the experimental verification of the presented constitutive model is presented.
Experimental validation of an uncross-wise laminated sample: To investigate the practical behavior of adhesively bonded wood elements under varying relative humidity, a three-layered uncross-wise laminated European beech specimen was exposed to moisture variations. Initially conditioned at 95% RH layers were glued together using PRF (phenol resorcinol formaldehyde) adhesive. Subsequently, the composite sample was placed inside a climate box with varying RH comprising of three consecutive steps: 1) de-moistening from 95% RH to 2% RH; 2) re-moistening to 95% RH; 3) another demoistening to 2% RH. At the end of each de-moistening cycle, the moisture-induced warping and sample dimensions were measured by means of a dial gauge.
The FEM model consists of five layers: three lamellae for wood substrates and two adhesive layers with a thickness of 0.1 mm (see Fig. 11 ). The variation of the RH inside the climate box is converted to the equivalent moisture content by means of the sorption isotherm curves for both European beech and PRF adhesive [51] . These values are applied as time-dependent surface conditions to all external faces of the FE model during the moisture analysis. Using the described wood rheological model and a purely linear elastic isotropic behavior for the adhesive layers, the moistureinduced stress and the deformation fields are computed subsequently. Note that the adhesive properties are functions of moisture content as well with all parameters being summarized in Table B .9 in the B.
The comparison of simulation results with experimental observations gives excellent agreement, implying that the material model performs well for practical applications (see Fig. 12 and Table B.10).
The quantitative comparison of moisture related deformations between experiment and simulation (Table B. 10) gives excellent agreement considering that the utilized material properties are general values and do not consider the large variations common to wood. By having a more detailed look at the Table B. 10 it can be realized that the dimension "H", called here as cup deformation, has identically increased in experiment+simulation for the second de-moistening compared to the first one. This augmentation is due to timeand history-dependent deformation mechanisms. Note that even though in this example the difference in "H" is only 0.1 mm, it increases with the number of cycles and can for different configurations, like cross-lamination or hybrid components add to reaching 
Application example: Hybrid wood elements
Combinations of different materials and wood species are a promising approach to overcome design limitations that result in extreme cross sections of structural elements made of softwood or in expensive solutions for load transfer from other elements perpendicular to grain, just to give two examples. The combination of beech and spruce has recently attracted significant attention due to a general technical approval for such a hybrid glulam element. It is interesting to note that neither plastic behavior, nor long-term effects did play a role in the approval procedure. To demonstrate the capability of the introduced approach, a hybrid glulam beam made of European beech and Norway spruce is considered. Both were adhesively joined at initial moisture content of 10%. The multi-species beam is subjected to changing environmental conditions varying between 50% RH and 90% RH. Although European beech and Norway spruce show different moisture sorption isotherms, due to the small difference between the equivalent moisture contents at mentioned RH a single value representing the moisture content of the whole beam is considered. The initial moisture content at 50% RH is estimated as 10% and the new equilibrium moisture level at 90% RH is approximated as 21%. They are taken as surface conditions for the moisture transport simulation. Note that these moisture levels are taken as the mean values of adsorption and desorption curves for simplicity. The time variation of RH or equivalently moisture content is expressed by means of the positive part of the sine function, which varies between 10% to 21% for the duration of one year (365 days).
In the simulation, two distinct constitutive models consisting of five deformation mechanisms each, related to every wood type are considered. In practice, two material (UMAT) subroutines are defined simultaneously. The adhesive layer between two lamellae is neglected and lamellae are considered as different sections of one part, but with distinct material type and individual cylindrical local material coordinate systems, each. Shared nodes therefore have only one value for the moisture content and adhesive bond lines are fully permeable. As illustrated in Fig. 13 (left) , the simulated system represents a part of a hybrid glulam beam consisting of ten 30mm thick and 150mm wide lamellae, all aligned in the longitudinal direction with the top and bottom two made of beech, while the core is made of six spruce lamellae. In order to avoid modeling the entire length of the beam, a section with the length of 50mm under assumption of generalized plane strain state has been considered. For this purpose, at the top right corner of the cross-section a reference point (R.P.) is defined and the movements of the end plane with red boundaries, i.e., translation along Z-direction and rotation around X and Y axes are kinematically coupled to the reference point (see Fig. 13 (left) ). In Fig. 13 (right) the distribution of the plastic deformations along tangential direction is given. It should be noted that plastic strains in each lamella are illustrated based on the corresponding local material coordinate system. Depending on the position of the center and the orientation of the assigned local cylindrical coordinate systems, the distribution of the plastic strain varies. As it's expected and could also be observed in the calculations, the magnitudes of plastic strain in the beech layers are smaller than the counterpart values in the spruce lamellae. Additionally, the plastic deformations are mostly generated near the adhesive bond-lines. This is due to the occurrence of higher stress concentration in the interface of two adjacent lamellae, resulting from different material properties and material orientations. These stress concentrations, in forms of tension or shear in particular, can lead to the initiation of interfacial cracks that propagate under applied service mechanical loadings and changing environmental conditions. Subsequently, structural integrity and load-carrying capacity are diminished. So, plasticity induced de-bonding could be considered as a critical failure mode of such laminated structural elements, the consequences of which have to be taken into account during design stage. By application of the annual moisture profile during some consecutive years, the role of both short-and long-term responses in the mechanical performance of the hybrid element in addition to the influence of moisture cycles on the development of time-and history-dependent stress states are captured.
Conclusions
In the current study, a comprehensive rheological model for the mechanical behavior of wood under simultaneous mechanical loadings and varying environmental conditions is introduced. The considered deformation modes are both short-and long-term responses, namely elastic, plastic, hygro-expansion, visco-elastic creep, and mechano-sorption. To characterize the irrecoverable part of the material response, described as plastic deformation, a general multi-surface plasticity model with three independent failure mechanismseach one belonging to an anatomical direction under compression -is employed. Moreover, the time-dependent behaviors like visco-elastic and mechano-sorptive creep are simulated through serial association of Kelvin-Voigt elements. In order to consider the inherent hygroscopic character of wood in the assessment of timber structures, all material input parameters are defined as function of the moisture level. The numerical integration algorithm along with the utilized approach for the stress update scheme are established on an iteratively additive decomposition of the total strain. All corresponding rheological formulations were developed and implemented into a user-material subroutine (UMAT) within the environment of the finite element method.
The material model was applied to two important wood species, namely European beech and Norwegian spruce. However due to scarce availability of stress-strain relationships under different loading cases and moisture contents, for beech in particular, some property adaptation procedures had to be implemented to obtain a full set of material data. The functionality and performance of the model and its implementation was evaluated through several examples for uni-and multi-axial loading, as well as for restrained swelling. The examples demonstrated the applicability of the presented material model under any optional load combination, specifically when more than one failure mechanism is activated. In addition, the validation of the presented material model was carried out by comparison with experimental results in a glued-laminated specimen.
The introduced material model is numerically implemented in a general fashion and can also be used for other wood species. By application of moisture-dependent material properties, the rheological model can easily be adapted to predict the mechanical response of different wood types. In this respect, the flexibility and efficiency of the material model has been proven by simulating a hybrid beech/spruce glulam element. In general, the proposed wood constitutive material model can be employed for finite element analysis of moisture-induced stresses in adhesively bonded wood elements. Additionally, this model can be considered as a suitable basis for fracture mechanical analyses or can be combined with cohesive interface elements to predict the initiation and propagation of interfacial cracks. This way we achieve the goal of attaining more realistic and reliable predictions on mechanical performance of wood elements under any arbitrary combinations of loading and moisture content to increase safety and long-term reliability of engineered wood structures.
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A Algorithmic tangent operator for the whole model
Purely elastic or elasto-plastic tangent operator: From a rheological point of view, the tangent operator corresponding to the first two elements of the constitutive material model (Fig. 2) , namely the elastic spring and the plastic Kelvin element are correlated. In the absence of plastic strain, the plastic Kelvin element will be inactive without giving a contribution to the tangent operator. Trivially, the single Jacobian is equal to the elastic stiffness tensor C el n+1 = C 0,n+1 . However in the presence of plastic deformation, both elastic and plastic elements contribute to the definition of the elasto-plastic algorithmic tangent modulus [43] :
Note that ⊗ symbolizes the dyadic product of two vectors and Ξ n+1 is the algorithmic modulus and is given by the following relationship:
where r is the number of active yield surfaces and G βα n+1 is defined by the succeeding expression:
Here H βα n+1 denotes the βα component of the matrix of hardening moduli H n+1 filled with the respective values for every active yield criterion (H l = ∂q l /∂α l , l = R, T, L). Eq. (A.1) represents the desired description for algorithmic or the equivalently consistent tangent operator which ensures the quadratic rate of asymptotic convergence of the global iteration. Note that the application of the continuum elasto-plastic moduli yields at most a linear rate of convergence [28, 43, 44] .
Visco-elastic tangent operator: The analytical solution of Eq. (24) under assumption of linear variation of stress during time increment (∆t = t n+1 − t n ) holds as: [28] 
The time functions T ve n+1 (ξ i ) and T ve n (ξ i ) in Eq. (A.5), where ξ i = ∆t/τ i , are described as:
The differential form of Eq. (A.5) after taking the derivative from both sides reads as
that can be rearranged to give the general description of the algorithmic visco-elastic tangent operator C ve i,n+1 :
Mechano-sorptive tangent operator: Based on an approach similar to the one outlined for visco-elasticity, the response of Eq. (28) can be stated by the following relationship:
Analogous to Eq. (A.6) the moisture functions T ms n+1 (ξ j ) and T ms n (ξ j ), where ξ j = |∆ω| /µ j , can be given by the following expressions:
Similar to the approach taken for the visco-elastic Jacobian, differentiating both sides of Eq. (A.9) and comparing to the standard definition of the tangent operator, leads to the algorithmic mechano-sorptive tangent
It should be noted that hygro-expansion has no contribution to the definition of the total operator. Therefore, after specifying all above-mentioned individual algorithmic operators, the mathematical description of the total Jacobian, corresponding to the entire material model C T n+1 takes the following form:
(A.12) B Material properties for European beech and Norwegian spruce [17] and Norway spruce [10, 33] . (Section 2.1.1) Table B .4: Swelling/shrinkage coefficients for European beech [16] and Norway spruce [10, 33] . (Section 2.1.3) Table B .5: Coefficients for calculation of moisture-and time-dependent entry of the viscoelastic compliance tensor parallel to grain for European beech [18] and dimensionless scalar parameters for Norway spruce [7] . (Section 2.1.4) Change of the i/j th visco-elastic/mechano-sorptive strain tensor after k th iteration ∆ε ve/ms i/j,n+1 Increment of i/j th visco-elastic/mechano-sorptive strain tensor from t n to t n+1 ∆α l,n+1 Increment of the internal hardening variable from t n to t n+1 , l =R, T, L Generalized residual vector after (k + 1) th iteration of the strain decomposition algorithm
